To explore the characteristics of nanopores in organic-rich shale, the shale of the Upper Yangtze area under different maturity are studied. Scanning electron microscopy (SEM), low temperature nitrogen experiment (LP-N2-GA) and the Frenkel-Halsey-Hill (FHH) fractal model were used. Results show that the intergranular pores and organic pores are most developed, and the pore size is distributed from a few nanometers to several tens of micrometers. The SEM gray scale images make the pore development characteristics of shale be observed more intuitively. Based on the results of low temperature nitrogen adsorption test and FHH fractal model, the results show the fractal dimension of shale is positively correlated with TOC and quartz, but negatively related to clay minerals and feldspar. There is a good relation between maturity and pore volume. With releasing of pressure, the pore evolution gradually returns to the normal compaction trend, and the pore volume of the shale decrease.
Introduction
Nanopores in shale are important spaces for oil and gas storage and are key factors determining the gas-bearing properties of shale reservoirs [1] [2] [3] . Shale pore structure is complex, generally dominated by nanopores [4] [5] [6] [7] . The nanopores in the shale develop, the porosity is low, and the transmission mechanism of shale gas in the micro- scopic pores is complex. At the same time, the shale gas has a complex coupling effect with the internal fluid during the development process, and this dynamic process becomes an influence. An important cause of shale gas production [8] [9] [10] . The pore fracture structure characteristics of shale reservoirs determine the mechanical properties of shale and the migration of fluids in its internal pores [11, 12] .
At present, there are three main methods for characterizing nanopores in shale: (1) image analysis technology based on micro-area analysis; (2) fluid injection methods based on mercury intrusion, carbon dioxciod, nitrogen isothermal adsorption; (3) computer imaging techniques represented by nuclear magnetic resonance and medium Sub-small angle scattering [13] [14] [15] [16] [17] [18] . The results of microporous characterization of shale indicate that the microporous heterogeneity is high, and quantitative analysis of its pore structure will help to understand the characteristics of shale gas adsorption and storage [19, 21] . Besides, studies have shown that fractal dimension can be used to indicate the roughness of solid surface or pore wall. It has been applied to the quantitative characterization of coal, tight sandstone and shale pore structure in different re-gions. This proves the effectiveness of quantitative characterization of nanometer by fractal dimension [22] [23] [24] [25] .
Based on focused particle beam electron scanning electron microscopy, Crutis et al. [1] studied the pores of shale samples in the Woodford. They found that there is no secondary pore formation in samples with a Ro value below 0.90%, and secondary pores only exist in shale with higher maturity. The pores observed by some scholars in the mature shale using scanning electron microscopy are basically intergranular pores, and the secondary pores in the thermal evolution process cannot be effectively preserved [26] [27] [28] [29] [30] [31] [32] .
Based on above research, the author selects the marine shale with different maturity in the area of Upper Yangtze in southern China. With results of scanning electron microscopy and low temperature liquid nitrogen test, the FHH fractal model is used to systematically study the characteristics of different maturity shale pores. Simultaneously, factors controlling the development of shale pores during maturity evolution is analyzed. 
Experiments

Samples
The shale samples are fresh outcrop samples. The samples are distributed in different shale field in the Upper Yangtze area. The rock stratum is the Early Silurian Longmaxi Formation and the sampling area are shown in Figure 1 . The distribution of shale samples Ro used in this time ranged from 2.10% to 3.48%. According to the shale maturity division standard [7, 32] , they were all in the high maturity or over-mature stage because the TOC distribution ranged from 0.06% to 15.02%. Ultima IV X-ray diffractometry showed that the mineral components in the sample were mainly quartz, plagioclase, potash feldspar, calcite, pyrite, and clay minerals. The total relative content of brittle quartz, clay and plagioclase exceeds 70%. Further quantitative analysis of clay minerals in shale using X-ray is shown in Figure 2 . The clay minerals are mainly illite, kaolinite, chlorite and yam mixed layer, but the kaolinite and chlorite content are low. The relative content of kaolinite and chlorite content does not exceed 10% (Table 1 ).
Experimental methods
Low temperature liquid nitrogen adsorption experiment
The adsorption capacity of nitrogen on shale samples was measured by Autosorb-1 physical adsorption instrument manufactured by Quantachrome, USA, and the pore characteristics and mesoporous pore characteristics of the samples were characterized. Before the analysis, the shale sample was first selected as a powder sample with 40-60 mesh. Then it will be degassed under vacuum at −110 ∘ C for 14 h to remove adsorbed moisture and other volatile substances. Subsequently, the degassed sample was weighed 1-2 g, and a series of measurement experiments of different gas adsorption amounts were carried out under a nitrogen (−196 ∘ C) atmosphere to obtain sample pore volume, BET specific area and pore size distribution characteristic data. The relative equilibrium pressure (P/p0) in the experiment is generally selected from 0.050 to 0.995.
Scanning Electron Microscopy (SEM)
The scanning electron microscope experiment was carried out at China University of Petroleum (Beijing). The model used was FEI Quanta 200. The sample was observed by argon ion polishing before the observation. In the experiment, the energy type of the shale was combined with the energy spectrometer to determine the pore type in the shale. The resolution is 2 nm.
Shale fractal dimension calculation results
Fractal dimensions are often used to quantitatively characterize the geometry of a porous solid surface, with values ranging from 2 to 3. It is generally believed that 2 represents a smooth surface and 3 represents a rough surface [21] . At present, there are many model methods for calculating the fractal dimension of porous solids by gas adsorptiondesorption. There are mainly BET fractal model, Langmiur fractal model, Henry's law fractal model, Freundlich formula fractal model and Frenkel-Halsey-Hill (FHH) fractal model [5, 33, 34] . Among them, the FHH model is simple and easy to use, adaptable, and the most widely used. The FHH model is a method proposed by Pfeifer P et al. [35] to calculate the fractal dimension using the adsorption data obtained from cryogenic liquid nitrogen. Its expression is:
Where: V is the amount of adsorbed gas under equilibrium pressure P; Vm is the single layer covering volume; c is the characteristic constant; R is the general gas constant; T is the absolute temperature; the index s depends on the fractal dimension and the gas adsorption mechanism. Equation (1) takes the logarithm at the same time and can be transformed into the following form:
According to the fractal FHH theory, the regression line slope s of LnV and Ln[LN( p0 p )] can be used to calculate the fractal dimension D:
The fractal dimension of shale samples was calculated by Frenkel-Halsey-Hill (FHH) model to quantitatively characterize shale pore heterogeneity.
Results and analysis
Results of low temperature liquid nitrogen adsorption experiment
The pore size of shale was measured by nitrogen adsorption experiments to study the pore structure and characteristics of shale. From the nitrogen adsorption-desorption results (Figure 3 ), we can find that the adsorption curves of shale with different maturity are similar and when the relative pressure (P/Po) is <0.5, the N 2 adsorption curve is slightly concave. During this stage, gas monolayer adsorption happens. When the relative pressure is equal to 0.5, the nitrogen adsorption curve has an inflection point, which is the boundary point between gas monolayer adsorption and multi-layer adsorption. During this stage, the gas adsorption amount begins to increase. When P/Po is larger than 0.5, the nitrogen adsorption curve is slightly convex and it means that both mesopores and macropores exists. The shale exhibits a multi-layer adsorption process, and the gas adsorption amount increases rapidly. In addition, the end curve of the adsorption curve rises rapidly, and the adsorption does not reach equilibrium, indicating that large pores exists in shale.
The difference between the desorption curve and the adsorption curve is small when the maturity is less than 2.35%. The desorption curve increases slightly only when the relative pressure is greater than 0.5, indicating that small slit holes are dominant in the shale. When the maturity is more than 2.35%, the desorption curve and the adsorption curve have obvious hysteresis loops. The desorption curve drops sharply when the relative pressure is equal to 0.50 and it shows that there is void space inside the shale, such as large ink bottle-like pores [24] . When the relative pressure is less than 0.45, the difference from the adsorption curve is small, and gradually becomes coincident as the relative pressure decreases.
Results of shale fractal dimension calculation
As a porous solid, the FHH regression of the pore development is statistically significant for the shale. Take samples F-4 and F-7 as examples ( Figure 4 ), the nitrogen isotherm adsorption data and Eq. (3) are used for fractal dimension calculation. According to Eq. (2), the fractal fitting curve is applied, and the curve is fitted by the principle of least squares. There is a linear relationship between LnV and Ln(Ln(P 0 /P)). The correlation coefficient is above 96% and the degree of integration is very good. The fractal dimension of the FHH model is shown in Table 2 . The fractal dimension is between 2.499 and 2.860, with an average of 2.713. The average fractal dimension of the shale is large and this indicates that the surface of the shale hole wall is rough. This makes the pores in the shale strong heterogeneity. 
Results of Scanning Electron Microscopy (SEM)
Nano-porous characteristics of organic-rich shale
Results of scanning electron microscopy (SEM) showed that there were many different types of micro-nano pores in the Longmaxi Formation shale samples of the Upper Yangtze area. The microporous pore types mainly included intragranular pores and grains, interstitial pores, intercrystalline pores, organic pores, etc. The intergranular pores and organic pores are most developed, providing the main reservoir space for shale gas occurrence. The intragranular pores develop in the interior of the granules, most of which are formed by diagenesis. They are characterized by development in the interior of the granules, plentiful, and are honeycomb or dispersed (Figure 5c, d) . The organic pores are mainly organic matter during thermal evolution, when shrinkage and gas generation occurs. The distribution of kerogen is the material basis for such pore development. Organic pores are usually honeycomb-shaped, elliptical in cross section, and have different pore sizes. They are distributed from tens of nanometers to several micrometers (Figure 5b, f) . A large number of honeycomb pores may have local connectivity, forming a few micrometers. The narrow pore channel has a large contribution to the enrichment of methane in shale. Loucks [30] pointed out that the organic pores are irregular, foamy and elliptical in cross section, and the pore size is generally between 5 and 750 nm. Compared with the organic pores of the Barnett shale in North America, the pore size distribution of the organic matter in the shale of the Upper Yangtze region is wider. Intergranular pores are pore types that develop between mineral particles during sedimentary diagenesis, including clay mineral interlayer pores (Figure 5a , e), mineral intercrystalline pores (Figure 5d ) and mineral cast pores. The intercrystalline pores of pyrite are often found in the regional shale of the upper Yangtze region. The pores between the pyrite microcrystals are mostly filled with organic matter or clay, and the pore diameter is mostly in the range of tens to hundreds of nanometers.
Although the SEM image can reflect the pore development characteristics in shale to a certain extent, the image obtained by SEM is grayscale image. The human eye has weaker resolution for grayscale image, and the SEM grayscale image largely interfere the classification and observation of pore types. Therefore, the author uses the pseudo-color digital image processing technology of Matlab program to process the obtained SEM image, enhance the visual resolution of the human eye for SEM images, and highlight the characteristic regions in shale [32] . Figure 6 is a partial image after pseudo color enhancement.
Comparing the SEM gray image ( Figure 5 ) with the pseudo color enhancement map ( Figure 6 ), it was found that the reservoir pores are in the blue region of the SEM pseudo color enhancement map, and the minerals were mainly in the red region. The enhanced image shows the diversity of pores, and the connectivity between some pores is good, which is conducive to the occurrence and accumulation of oil and gas. After the SEM image processing by pseudo-color enhancement, the pore and mineral distribution are observed in a better way. The boundary value between these two components (pore and mineral) in the SEM image was further determined by Matlab program. It was found that the pores were in the interval of 0-30, the minerals located in the interval of 225-256, and the organic matter is located between the two . After determining the threshold, the Matlab program can be used to calculate the face rate and connectivity characteristics of the obtained SEM image. The corresponding parameters can be seen from Table 3 . Generally, the higher the thermal maturity of the shale, the higher the calculated face rate, but the correlation between these two values is not that clear. This may be related to the face rate and kerogen type, mineral composition and overlying layer thickness in the shale [36] .
Correlation between nano-scale pores and TOC and mineral composition
The shale has a strong heterogeneous nanopores [26, 37] , and nano-porosity characterization can be calculated from its fractal dimension. The study of shale fractal dimension can contribute to the understanding of the shale pore characteristics, analyzing the relationship between fractal dimension and TOC and shale minerals, and effectively clarifying the influencing factors of shale irregular shape and roughness. The high fractal dimension indicates that if the shale pore surface is rougher, the area and point of methane adsorption will be relatively more, and the adsorption capacity is correspondingly stronger. The mesoporous and microporous pore volume and specific surface area have a significant positive correlation with TOC ( Figure 7) . As the TOC content in the shale increases, the nanopore pore volume and specific surface area increase. Based on the fractal dimension of shale pores calculated by FHH model method, the results show that the fractal dimension of FHH is related to the TOC, Ro and inorganic mineral composition of shale (Figure 7 and Figure 8 ). The fractal dimension decreases with the increase of clay and feldspar mineral content, and gradually increases with the increase of TOC and quartz content. This is similar to the results of Yang [37] and Chen [38] . Our results show that fractal dimension and shale TOC con- tent are not a simple linear correlation (Figure 7) . When the TOC is less than 1.0%, the fractal dimension increases rapidly with the increase of TOC. When the TOC is greater than 1.0%, the fractal dimension increases slowly with the increase of TOC. Yang et al. [25] found that the fractal dimension and TOC has a linear positive correlation, which is different from this study. The analysis may be due to the narrow range of TOC mass fraction of shale samples used by Yang, which is 0.16 %~9.15%. Fractal dimension and quartz have a monotonous linear growth trend, but the variation range is between the two trend lines. The fitting results of clay minerals and feldspars in the samples indicate that there is a monotonous linear decrease between the two factors, which may be affected by the diversity of clay minerals and feldspars.
Evolution of pore structure with maturity
In order to better characterize the whole process of pore evolution during shale sedimentation and burial, the immature-low mature shale (Ro between 0.35 to 1.41) fractal dimension referred from Chen et al. (2015) [38] was used for a comprehensive analysis. The variation of nanopore characteristics at different maturity stages during sedimentation is plotted in Figure 8 . The fitting results show that with the increase of thermal maturity, the fractal dimension is firstly reduced, and then the multi-stage trend tends to be stable. When Ro less than 0.8%, the fractal dimension decreases with the increase of thermal maturity. When Ro between 0.8 to 3.0%, the fractal dimension increases with the increase of thermal maturity. When Ro bigger than 3.0%, the fractal dimension remained stable with the increase in thermal maturity. Further research has found that the fractal characteristics of shale pore fractal dimension are controlled by petrophysical and geochemical reactions at various stages. At the initial stage of sedimentation, mechanical compaction preferentially reduces the pore volume and large pore volume of shale samples, reducing the unevenness of pores qualitatively, narrowing the shale pore size distribution, and leading to a decrease in fractal dimension. After entering the oil generation stage, shale begins to form hydrocarbons, kerogen is evoluted and new pore formation is generated. All of these increase the nano-scale pore distribution in shale complexity, causing the increase of the fractal dimension. At the same time, other physical and chemical structural changes accompanying diagenesis, such as temperature increase, water dispersion loss and complication of organic aromatic structure, will also increase pore heterogeneity [39] . In the mature stage, the hydrocarbon evolution in the shale is basically over, and the pore type transformation process is mainly the transformation of the tectonic movement, and its fractal dimension changes little.
Combined with the results of Chen [38] on the pore size and specific surface area of nanopore in immature-low mature shale, it is concluded that for the shale from the initial stage of sedimentary diagenesis to the high-over-mature stage, the pore volume and specific surface area show similar trends. Both reflect the scale of change in multiple periods (Figure 9 ). At the initial stage of sedimentary burial, when Ro is less than 0.7%, it is in the immature stage, and the pore volume and specific surface area of the initial shale are large. Mastalerz et al. (2013) [26] show that the mechanical compaction caused by the increase of buried depth makes the mesoporous pore volume and the specific surface area decreases rapidly. At the medium maturity stage (0.7% <Ro < 1.3%), the kerogen evolution occurs after the shale enters the oil window, and the hydrocarbon material production complements the pore volume and pores caused by mechanical compaction to some extent. The reduction of specific surface area, the total pore volume and specific surface area of the shale remain basically unchanged at this stage. As the degree of thermal evolution deepens to the high maturity stage (1.3% <Ro < 2.6%), the shale is generating large amount of gas. The shale belongs to the low-porosity and low-permeability reservoirs, and the generated oil and gas cannot be effectively transported in a short period of time. The overpressure of the reservoir and the inter-mineral pore characteristics caused by the organic pores and organic acids formed by the hydrocarbon generation are more complicated. Multi-factors lead to shale pore volume and specific surface area increase in a short period of time. When shale is in the stage of overmaturation (Ro>2.6%), as the increase of buried depth, the end of hydrocarbon generation process and long-term pressure release, the under-compacting effect gradually disappear. Porosity evolution gradually returns to normal compaction trend in the shale. The specific surface area and pore volume have been decreased, but only limited reduction. The fitting of pore volume and specific surface area in different maturity shales is not well fitted, showing that the characteristics of nanopores in shale are influenced by a combination of factors including sedimentary environment, organic matter type, high-temperature and highpressure environment, and later tectonic effects.
Conclusions
Through scanning electron microscopy experiments, this paper directly shows the nanopore development characteristics of shale in the Upper Yangtze region. Based on the low temperature N 2 adsorption experiment and FHH model, the relationship between pore characteristics and RO, TOC and inorganic minerals is discussed. The following conclusions were obtained:
(1) The nanopores of shale in the Upper Yangtze area mainly include intragranular pores, intergranular pores, intercrystalline pores, organic pores, etc. Among them, intergranular pores and organic pores are most developed, providing the main reservoir space for shale gas occurrence. The pore size is dis-tributed from a few nanometers to several tens of micrometers, and the distribution range is large. (2) Based on the nitrogen adsorption experiment results and the FHH fractal model, we calculated the fractal dimension of nanopores in shale. Results show that the fractal dimension D is between 2.499 and 2.860, with an average of 2.713. The surface of the shale hole wall is rough and not smooth, which makes the shale have strong heterogeneity. (3) The fractal dimension of shale is affected by many factors such as TOC, clay mineral, quartz and feldspar. With the increase of TOC content, the fractal dimension of nanopores increases rapidly and then stabilizes. The relative content and fraction of quartz and the fracture dimension shows a monotonic linear positive correlation. The feldspar and clay minerals and the fractal dimension show a monotonic linear negative correlation. (4) The complete evolutionary stage of shale from immature to mature indicates that the pore volume and specific surface area evolution in shale are controlled by multiple factors such as sedimentary environment, compaction settlement velocity, organic matter type, temperature and pressure environment and later tectonic action.
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